This paper presents an experimental investigation and evidence of rate-dependency in the planar mechanical behaviour of semilunar heart valves. Samples of porcine aortic and pulmonary valves were subjected to biaxial deformations across 1000-fold stretch rate, ranging from _ k ¼0.001 to 1 s
Introduction
Viscoelastic attributes of the mechanical behaviour of heart valves, such as exhibiting stress relaxation [1] [2] [3] [4] [5] and creep [1, 2] under different loading boundary conditions have been well documented. An integral manifestation of viscoelasticity is also the rate-dependency in the mechanical behaviour of subject tissues. However, and perhaps surprisingly, the in-plane mechanical behaviour of heart valves has been frequently characterised within the framework of (hyper)elasticity. Therefore, the rate dependency of the in-plane mechanical behaviour of heart valves, and in particular semilunar valves which include the aortic and pulmonary valves, has been discounted. Discounting the rate effects has perpetuated in the literature despite the lack of existence of a comprehensive set of data, to date, to conclude rate-independency in the mechanical behaviour of these valves. Indeed, contrary to this rate-independency notion, recent studies have provided primary evidence on the rate-dependency of the mechanical behaviour of the aortic valve (AV) under uniaxial and biaxial tensile deforma-tions [6] [7] [8] . These findings motivate further investigation of the rate-dependent characteristics of the mechanical behaviour of semilunar valves, and development of appropriate platforms to accommodate these characteristics.
In the particular case of the AV, accounting for the rate effects on the mechanical behaviour of the native tissue may prove to be of critical importance. The in vivo strain rates endured by the valve in its physiological function are thought to be approximately 440% s À1 and 1240% s À1 in the (principal) circumferential and radial loading directions, corresponding to stretch rates of _ k ¼4.4 s À1 and _ k ¼ 12.4 s
À1
, respectively [9] . Based on direct in vivo measurements [10] , extension rates as high as 50 to 150 mm/s are required in vitro under which the physiological rate may be replicated [11, 12] . From the experimental setup point of view, it is technically challenging to replicate these loading conditions in vitro. Resorting to lower rates to gather experimental data in order to calibrate/validate hyperelastic models may underestimate the true deformation behaviour of the tissue in vivo, if the rate-effects are not properly understood or accounted for.
It may be argued that employing preconditioning protocols could help eliminating the rate effects, as preconditioned specimens are generally considered rate-insensitive, perhaps following the seminal works of Fung [13, 14] . We put this notion to the test for semilunar heart valves in this paper, using porcine AV and pulmonary valve (PV) specimens, tested across a 1000-fold range of deformation rates. When tested across this range, the results indicate a clear rate-dependency in stress-stretch (r À k) curves under biaxial deformation both before and after preconditioning. However, even if we accept the premise that preconditioning could abate the rate effects across sufficiently small deformation rates, the fact still remains that the tissue is intrinsically viscoelastic. Therefore, it is incumbent on accurate material characterisation and modelling to account for the viscoelastic features of the valves including the rate-dependency.
In this paper we investigate and present evidence of ratedependency in the mechanical behaviour of porcine AV and PV tissues under biaxial deformation. Tests are performed on samples with no preconditioning as well as on samples immediately after preconditioning, with the addition of subjecting same samples to both fast and slow deformations, to conclusively document the existence of rate effect in the planar mechanical behaviour of semilunar valves. We confer our analysis on the implications of these results for appropriate characterisation of the mechanical behaviour of heart valves and development of new modelling criteria to account for the observed rate-dependency.
Materials and methods
Here we report the results for samples acquired from a total of 10 porcine hearts, obtained from mature animals ranging from 24 to 36 months old, within 2 h of slaughter from a local abattoir. The three AV and PV leaflets were dissected from the hearts and maintained in Dulbecco's Modified Eagle's Medium (DMEM, Sigma, Poole, UK) at room temperature (20°C). From each leaflet, a 12 Â 12 mm square sample was excised from the central region (schematically shown in Fig. 1 ). The square samples were then subjected to biaxial loading protocols. For tests with slow deformation rate, sample hydration was maintained by sparse spraying over the test period. Fast deformation rate tests had a typical duration of 0.2 to 0.35 s, with no additional hydration provision.
Experimental setup and data acquisition
After excision, the sample thickness was measured using a noncontact confocal sensor (Micro-Epsilon (me Ò ) confocalDT - Fig. 2 . Five ink-marker points were printed on the centre of the specimens as fiducials for measuring and calculating the principal stretches k, and their centroids were tracked over the period of deformation using an in-house video camera, recording at 30-240 frames per second depending on the stretch rate at each test. The recorded frames were then analysed using a customdeveloped code in MATLAB Ò , devised based on the procedure outlined by Humphrey (2002) [15] . Typical quadrilaterals reconstructed from the trajectory of the markers at each frame using this method are shown in Fig. 2d . For more details the interested reader is referred to our previous study [8] .
Equi-biaxial rate tests on samples with no preconditioning
Three Cauchy stress-stretch ðr À kÞ curves for AV samples subjected to applied equi-biaxial deformation stretch rates of _ k ¼0.001 and 1 s À1 without preconditioning were reconstructed from those reported in our previous study [8] , and additional three fresh samples were tested at those rates (without preconditioning) to provide a total of six AV specimens. For PV specimens, however, six fresh samples were subjected to equi-biaxial deformation rate tests at _ k ¼0.001 to 1 s À1 each. A tare load of 0.01 N was applied to all samples in both loading directions to ensure a consistent starting position.
Equi-biaxial rate tests on preconditioned samples
For this group of tests, a preconditioning protocol was applied on specimens, immediately followed by the equi-biaxial deformation. For AV specimens, the preconditioning protocol consisted of 25 loading-unloading cycles at 0.5 Hz, to the amplitude of 0.5 N. A similar protocol was adopted for PV samples, except for a magnitude of 0.3 N. After preconditioning, samples were immediately subjected to deformation tests. Six AV and PV samples were used for equi-biaxial deformation rate tests to failure at _ k ¼0.001 and 1 s À1 each. Similar to the other tests, samples were subjected to a tare load of 0.01 N prior to the start of the deformation.
Equi-biaxial rate tests at different stretch rates on same samples
Only AV samples were subjected to this test. After preconditioning, each specimen was subjected to two equi-biaxial rate tests
. Tests were carried out under displacement control, up to 0.75 and 1 mm displacements, separately. Over all twelve samples were used for this group of tests.
Statistical analysis
To ascertain statistical significance in the rate-dependency of the in-plane mechanical behaviour of the specimens, the gradient of the obtained r À k curves was used as a comparing measure.
This gradient, i.e. 
, returned a normal distribution. A Mann-Whitney test was thus performed to establish the p values between each gradient group, with statistical significance set at p < 0.05.
Results
We start by presenting the results obtained from samples with no preconditioning. The experimental data were filtered using a Savitzky-Golay filter and the ensuing Cauchy stress-stretch ðr À kÞ curves are presented in Fig. 3 . Plots contain curves for both AV and PV samples, tested at _ k ¼1 s À1 (Fig. 3a) and _ k ¼0.001 s À1 (Fig. 3b) .
From these filtered datasets, averaged data were calculated by averaging the stretch and stress values at each time step over the six repeats. The ensuing curves in the circumferential (blue) and radial (red) directions are presented in Fig. 3c . The bars represent the standard deviation at the designated points on the curves. Histology was carried out using Alcian Blue/Picro Sirius Red staining, visualising the glycosaminoglycans in blue and collagen fibres in red. The MPI was obtained using second harmonic generation microscopy. While the preferred direction of fibres in both valves is along the circumferential direction, the density of collagen fibre population in PV tissue is visibly less than that of the AV. All scale bars indicate a length of 100 mm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Using the same sequence and graphics, r À k curves obtained from deformation tests immediately after preconditioning the AV and PV samples are shown in Fig. 4 . Similar to the results for samples without preconditioning, averaged data were constructed and are shown in Fig. 4c .
It must be noted that the designated rates of deformation, _ k, above are the applied rates by the gripping mechanism onto the specimen. True deformation rates endured at the central region of the specimens covered by the fiducials were calculated using the movements of the markers a posteriori. The average deformation rates in the principal loading directions for both AV and PV specimens are presented in Table 1 . Note that in both tissue samples, the rate of deformation at the central region of specimens is lower than the applied rate, but typically possessing higher values in the radial direction.
From these curves, values of the gradient
Dr Dk
were calculated numerically at the designated stress levels (r ¼ 10, 50, 100 and 200 kPa) and are presented in Tables 2 and 3 for AV and PV specimens, respectively, together with the p values comparing the gradients of fast and slow curves.
The final set of results relates to the tests performed at _ k ¼0.001 and 1 s À1 rates on the same specimen. Two representative (filtered) r À k curves obtained from tested AV samples are shown in Fig. 5 , each separately stretched up to 1 mm (Fig. 5a ) and 0.75 mm (Fig. 5b) .
Discussion
The aim of this study was to provide, to our knowledge, the first comprehensive evidence that the planar mechanical behaviour of semilunar heart valves is rate-dependent. Results from samples with no preconditioning together with the results from preconditioned samples immediately followed by deformation tests conclusively underline the rate-dependency of the mechanical behaviour of AV and PV samples under biaxial deformation, as presented in Figs. 3 and 4 . The averaged data summarise this feature graphically, showing typically a stiffening behaviour with the increase in the stretch rate.
Our preconditioning procedure consisted of a load-controlled protocol, cyclically loading the samples to 0.5 N and 0.3 N for AV and PV specimens, respectively, at a frequency of 0.5 Hz. Deformation tests immediately followed the preconditioning. To our understanding, there is no consensus in the literature regarding the rest time, the time between the end of preconditioning and the start of the deformation test. Studies in soft tissue biomechanics employ a range of resting periods, varying from 30 min [16] to 10 min [17] , or even more specialised procedures such as 5 min of stressrelaxation [11] . In this study we have employed two extreme opposites, from no preconditioning at all to tests immediately after preconditioning. Rate-dependency in the r À k curves is clearly visible in both extremities, and, therefore, any resting period that may be Cir. . Curves were constructed by filtering the raw experimental data at each rate _ k, using a Savitzky-Golay filter; and (c) averaged data as representative r À k behaviour of all tested samples at each rate. Blue and red colours represent the data in the circumferential and radial directions, and bars present the standard deviation (SD) at each designated point. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 4 . Cauchy stress-stretch ðr À kÞ curves for AV and PV samples tested immediately after preconditioning at (a) _ k ¼1 s À1 and (b) _ k ¼0.001 s
À1
. Curves were constructed by filtering the raw experimental data at each rate _ k, using a Savitzky-Golay filter; and (c) averaged data as representative r À k behaviour of all tested samples at each rate. Blue and red colours represent the data in circumferential and radial directions, respectively, and bars present the SD at each designated point. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) employed in testing the valvular tissues will fall within these extremities and will not eliminate the rate-effects on r À k curves.
We also note that the rate effects in the r À k curves obtained from preconditioned samples is somewhat less pronounced than that of samples without preconditioning. Preconditioning therefore down-regulated the rate effect; however, it is evident that it does not completely eliminate it, if samples are tested across a sufficiently large span of deformation rates. We further note that we have not considered any shearing effects in our experiments. To the best of practical possibility, samples were mounted within the testing device such that the principal axes of the material coincided with the loading axes. As the typical quadrilaterals in Fig. 2 show, shear deformation was deemed negligible and was not taken into account in our analyses. The specimen mounting procedure used in this study is similar to those used for other cardiac tissues, where negligible amount of shearing effects has been documented [18] . At this point, an argument can be made that the average curves, e.g. the curves shown in Fig. 3c and 4c , are mathematical averages and therefore the observed rate effects may not represent a real material behaviour. In order to eliminate this doubt, we took two additional approaches. First approach was to use the Dr Dk gradient, obtained numerically from the r À k curves of all samples, as a measure of rate-dependency. Comparing the gradient(s) between the curves obtained at fast and slow rates for all samples and ascertaining a statistically significant difference provides additional support to the observed rate-dependent behaviour through the average curves. Accordingly, the gradients were calculated at r ¼ 10, 50, 100 and 200 kPa. This range was chosen to allow an assessment of the evolution of differences in the gradients between the fast and slow r À k curves, from the initial stages of the curves (very low stresses) to near physiological levels. Tables 2 and 3 present the numerical values for all AV and PV specimens, respectively, along with the calculated p values.
As the tables indicate, not all samples show a statistically significant difference in the gradient of their r À k curves at low stress levels. However, there is a significant statistical difference between the gradients of all samples at r !50 kPa. Therefore, our statistical analysis reinforces the point that the averaged data illustrate: r À k curves of the specimens are rate-dependent, typically showing a stiffening behaviour with the increase in rate.
The second approach we took was to perform tests at _ k ¼0.001 s À1 and _ k ¼1 s À1 on the same AV (preconditioned) specimens, and record the deformation curves (see 'Methods' section).
In the first set of tests, we stretched the samples in both directions to 1 mm, initially at _ k ¼1 s
, then unloaded the sample and stretched it again to 1 mm but this time at _ k ¼0.001 s À1 . Representative r À k curves are shown in Fig. 5a . Graphs indicate a clear rate-dependent response.
To eliminate the possibility that the samples, though not visible at the macrostructure, may have been damaged during the first test at the microstructure, we repeated the tests with new samples for 0.75 mm of displacement, to avoid getting close to or exceeding the 'elastic' limit of the tissue. The ensuing representative r À k curves are shown in Fig. 5b . Similar to the previous case, ratedependency is evident. Noting that the induced Cauchy stress in both cases is way below the physiological stress (240 kPa) of the functioning valve [5] , we are confident that the curves do not embody any structural damage artefact. We do not present the results for the PV samples, as due to the much softer nature of the PV tissue, we were not able to ascertain a meaningful level of force (stress) for comparison, when we loaded the samples up to 0.75 mm or 1 mm, particularly in the radial direction. With the given sensitivity of the load cells, a larger displacement range was required for a meaningful comparison. Performing the fast rate tests on PV samples at displacements of 2 mm and above, we found that the samples were damaged at the gripping sites, and therefore the results from second test did not meaningfully represent the true behaviour of the sample. Subject to successful tests, we have no reason to believe that PV samples would behave differently to AV samples, as PV r À k curves under equi-biaxial rate deformations at _ k ¼1 and 0.001 s
, and the gradients Tables 2 and 3 indicate, rate-dependency in the in-plane mechanical behaviour of the PV appears to be less pronounced than of the AV. Representative images of the macrostructure, histology and the Maximum Projection Intensity (MPI) of the collagen fibres taken from typical AV and PV specimens, shown in Fig. 1 , visually demonstrate a less-dense fibre population in the PV tissue compared with the AV. In a recent study, we stipulated that the viscoelastic features of the AV may partly stem from fibre-fibre and fibre-matrix dissipative interactions [2] , based on micro-and macro-level experimental observations [2, 19] . In this regard, the less-pronounced rate-dependent behaviour of the PV may be attributed to the lower collagen fibre content of the tissue, and is therefore consistent with the expected behaviour.
Implications of these results for a better understanding of the true mechanical behaviour of semilunar valves under physiological function, and accurate modelling of their mechanical behaviour in vivo and in vitro, may prove significant. First, the results of this study clearly indicate that the experimental mechanical behaviours obtained under quasi-static or even relatively slow deformations may not be an accurate representative of the in vivo behaviour of the valves. The indications are that it is necessary to characterise the mechanical behaviour of the tissues at rates as close to the physiological deformation rates as possible, even after preconditioning. Certainly, deformation rates employed in characterising the mechanical behaviour of the valves cannot be arbitrary low. In this regard, it may also prove useful to investigate and establish the existence of a possible rate threshold below which the observed mechanical behaviour would be distinctly different to the physiological behaviour. Second, since this data clearly demonstrates rate-dependency in the mechanical behaviour of the semilunar valves, it is incumbent on mathematical/computa- Table 1 Corresponding stretch rates in the central region of the specimens in both loading directions. tional models to accurately represent this feature of valvular tissues. It may therefore be necessary to develop continuum-based models that account for the rate-dependent behaviour of the valves. 
